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Alternative flat coil design for electromagnetic forming using FEM
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Abstract: Electromagnetic forming (EMF) is a high velocity forming process that uses impulse magnetic force. Coil is an important
component of EMF system which needs to be designed depending on application. Flat spiral coils are generally used for
electromagnetic forming of sheet metals. However, with this type of coil the central portion of the workpiece experiences marginal
magnetic force. This leads to in-sufficient deformation at this portion and other problems like air entrapment. In this study, a
conceptual design of flat coil was proposed for better distribution of magnetic forces over the workpiece. Comparative analysis of
distribution of magnetic force, magnetic field and current density using the proposed and the existing coil designs were carried out
using FEM. The result indicates that the proposed coil design produces comparatively better magnetic force distribution over the
workpiece. Calculation of self-inductance of such coils was also carried out and was compared with FE simulation.
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1 Introduction

Electromagnetic forming (EMF) is a high velocity
forming process, which utilizes pulsed magnetic force to
deform metallic workpiece. Some of the major
advantages of this process are reduction in wrinkling and
spring back[1], improved formability[2], rapid and high
precision forming. Automobile, aerospace, nuclear, air
conditioning, medical and home appliance industries are
main beneficiary of this technique. The technique was
used to join similar and dissimilar metals as well as to
deform flat or tubular metallic material (especially light
weight) like aluminum, magnesium, etc. EMF system
mainly consists of capacitor bank, charging unit, coil,
workpiece and die[3]. BELYY et al[4] used the
application-based approach to distinguish coils. They
classified coils according to their function such as
compression coil to compress the tubular component,
expansion coil to expand the tube and flat spiral coil that
is used in various sheet metal forming processes. In the
case of free form bulging of sheet metal using flat spiral
coil, a desired magnetic force is not generated in the
central portion of the workpiece[5]. This is because of
either absence or very less induced eddy current in the

central portion of workpiece. PIERRE et al[6] reflected
the same stating that there is significant low pressure at
the centre due to coil design that leads to less bulging at
the centre (Fig.1). If die is used, it leads to entrapment of
more air between the die and the workpiece due to short
process time, i.e. in ps. This entrapped air additionally
prevents the central portion from deforming into desired
shape and sometimes leads to problem in tooling and die
design.

Work on coils design for flat sheet metal forming
are limited as only few researchers have reported their
work, and a coil that generates pressure at the central
region is not available until now. KAMAL[S5] highlighted
various types of flat coils and the force profile/pattern
generated by them, and worked on a new type of flat coil
to generate uniform pressure on the workpiece. He
argued that the spatial distribution of forming pressure in
electromagnetic forming was controlled by the
configuration of the coil. GOLOVASHCHENKO[7] also
proposed a new generation coil design along with coil
failures mode and its remedies. Field shaper is another
tool that is used to modify the electromagnetic field to
have desired distribution of the magnetic field and
magnetic pressure. YU et al[8] studied the effect of field
shaper on magnetic pressure on tubular workpiece and
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Fig.1 Final shape of deformed sheet using uniform type of
coil[6]

found that a greater radial magnetic pressure can be
achieved with field shaper than the case without it.

In the present study, a conceptual alternative flat
coil design is proposed to modify electromagnetic field
so that higher force point can be shifted towards the
centre of the workpiece. It is envisaged to improve free-
form deformation of sheet around its central portion as
well as reduce air entrapment between the workpiece and
the die (if used). FE analysis is performed to compare the

proposed conceptual coil design with the existing one (i.e.

flat spiral coil). This study also deals with calculation of
self-inductance of such coil, as no direct model is
available to compute it. A mathematical model proposed
by GROVER[9] is used with some assumption for
inductance calculation of the proposed alternative flat
coil and compared with FEA.

2 Conceptual coil design

The electromagnetic field intensity can be
intentionally varied from place to place by varying the
spacing  between  the  turns/conductors.  The
proportionality between electromagnetic field intensity
and magnetic force can be exploited in the design of
electromagnetic forming coils. There will be higher force
in the region where the current paths are closely packed
as compared to the region where the coil has thick and/
or sparse turns/conductors. This ultimately determines
the magnetic force distribution on the sheet and the
free-form shape that the sheet metal would take.

Generally used flat spiral coil (henceforth called
uniform coil) has uniform cross-section of the turns with
equal spacing and constant radial pitch between them. In
the proposed conceptual coil (henceforth called
non-uniform coil), the electromagnetic field intensity is
varied by taking smaller cross-section for the first turn
and then increasing the cross section when it moves to
the second turn, the third turn and so on. For the sake of
comparison between the two types of coil, geometric
configurations of similar magnitude are taken. Fig.2(a)

shows uniform coil. It can be seen that its radial pitch as
well as cross section keeps constant (i.e. P1=P,=P;=P,
and A4,=A4,=As=A4=As). In the proposed conceptual flat
coil, the pitch and cross sectional area of turns increase
from centre to outer turn along a radial axis as shown in
F1g2(b) (i.e., P1<P2<P3<P4 and A1<A2<A3<A4<A5). The
gap (G) values between workpiece and coil, span and
cross sectional area of coil in both the cases keep
constant.
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Fig.2 Uniform coil system (a) and non-uniform coil system (b)
3 Finite element simulation

The simulation is carried out to compare magnetic
flux distribution, current density and magnetic force on
the lower portion of the workpiece for uniform and
non-uniform coils. Fig.3 shows a schematic of similar
set-up with square shaped work-piece instead of circular.
It can be seen that flat sheet is placed below uniform flat
coil that is connected to the capacitor bank. Axis
symmetric plane considered for 2D FEM analysis is also
shown in Fig.3.

3.1 Geometric and material parameters

To compare uniform and non-uniform coils, the
material properties of workpiece and coil, radius and
thickness of workpiece and modeled region are taken
identical in the simulation, as discussed in earlier section.
The materials for the workpiece and the coil are
aluminum and copper, respectively. The material
properties and structural parameters used in the
simulation are listed in Table 1. The cross sectional areas
of the turn and pitch remains constant in uniform coil
whereas they to outer in
non-uniform coil. The cross sectional area and pitch of
coil considered in the simulation are given in Table 2.
The total cross section area for both types of coils is
equal in the considered 2D FE plane.

increase from centre
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Fig.3 Schematic of electromagnetic forming set-up with simulation zone

Table 1 Material properties and structural parameter

Alumi kpi C il
uminum workpiece opper coi Rimm Tm Glmm
p/(€rm) u p/(Qrm) U
2.82x10° 1.000 03 1.72x10°% 0.999 99 35 1 1
Table 2 Cross sectional area and pitch of coils
) Cross sectional area/mm” Pitch/mm
Coil
A As As Ay As P, P, Ps P,
Uniform 4.0x4.0 4.0x4.0 4.0x4.0 4.0%4.0 4.0x4.0 5.60 5.60 5.60 5.60
Non-uniform 4.0x2.4 4.0x3.2 4.0x4.0 4.0x4.8 4.0%5.6 3.97 4.47 5.57 6.83

3.2 Mesh and boundary condition

Electromagnetic and calculation of
self-inductance of uniform and non-uniform coils are
carried out using ANSYS, commercial FEA software.
The geometry is assumed to be axis-symmetric about one
of the axis shown Fig.3 and it is positioned in such a way
that Y-axis coincides with symmetry axis. For this
purpose, the degree of freedom (4,) is chosen as primary
variable in the FE model. 4, is a component of magnetic
vector potential (MVP) 4 and is normal to the plane
(global XY) in which the FEA model resides.

In line with YU et al[8] and LI et al[10], following
assumptions are made in the analysis also:

1) The coil current is distributed equally in its
cross-section neglecting skin depth.

2) The material properties (magnetic conductivity
and electric conductivity) are isotropic and remain
unchanged with time.

3) The displacement current is ignored.

The 2D axis-symmetric FE models with mesh for
uniform and non-uniform coil systems are shown in
Figs.4 and 5, respectively. The regions numbered with 1,
2, 3 and 4 refer to the near-field air region, the workpiece,
the coil, and the far-field air region, respectively. Eight-

analysis

nodded axisymmetric elements (PLANES3) are used to
model workpiece, coil and The
workpiece is divided into four layers across thickness. A
single layer of 8 noded elements (INFIN110) is used to
represent an exterior sub-domain of semi-infinite extent
to model far field region. The coil and the workpiece are
discretized into 192 elements individually. There are
2707 elements in total. The exterior line of finite element
model (the exterior face) is flagged as infinite surface.

surrounding  air.
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Fig.4 Mesh of FEA model for uniform coil system



M. AHMED, et al/Trans. Nonferrous Met. Soc. China 21(2011) 618—625 621

B 1 ¥ 0 OO

1A 1 1 )

]
%
=
=
=
N
N

Fig.5 Mesh of FEA model for non-uniform coil system

CIRCU124 element is used to define the sinusoidal
current loading in the coil. This element interfaces with
electromagnetic finite element of coil are used to
simulate  coupled  electromagnetic-circuit  field
interaction.

LAL and HILLIER[11] proposed that the waveform
of current in forming circuit has the following form,
and the same one is applied here.

I=1y(e™™)sinet (1)

where [, is the current amplitude; o is the damping
coefficient; w is the angular frequency (rad/s).

The current excitation is applied through real
constant defined as per current waveform shown in
Fig.6[12]. The damping coefficient («) and the angular
frequency (w) are slightly different for both the coils
because their self-inductance depends on geometric
shape. The circuit inductance is neglected in the
calculation. The importance of self-inductance and its
calculation will be discussed in Section 4. The current
waveforms, i.e. discharge current (/) versus time (¢) for
both uniform and non-uniform coils used in FE
simulation are given in Fig.7. The maximum values of
current amplitude for uniform and non-uniform coils are
147 kA at 16 ps and 155 kA at 14 ps respectively. As
calculated, the uniform coil has equal current density (J)
for each turn, as shown in Fig.8, whereas non-uniform
coil has different current density (J) for different turn, as

VA—Current amplitude
Load AMPL—Amplitude

EXPD—Exponential decay factor
o __ EXPD
i /
Ttﬁ)ﬂ " Time

\VZ

Fig.6 Load functions for independent current sources applied to
coil[12]

shown in Fig.9. Here ‘x’ represents the turn number
starting from centre to outer turn. The current density (J;)
has maximum value for innermost turn, which has a
minimum cross sectional area.
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Fig.7 Current loading in uniform and non-uniform coils
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Fig.8 Current density in each turn of uniform coil

JI10°Am™2)

0 0.5 1.0 1.5 2.0

Time/10™s
Fig.9 Current density in each turn of non-uniform coil (J;—the
1st turn: innermost, J,—the 2nd turn and so on)

4 Inductance calculation

Self-inductance of coil is a major parameter in
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designing of electromagnetic forming system as it
decides the current waveform of the forming circuit.
Many researchers[9, 13—14] attempted to find the
self-inductance of wvarious types of coils. The
mathematical model given by GROVER][9] can be used
to calculate the inductance of uniform coil (flat spiral
coil) but no direct mathematical model is available for
the proposed non-uniform coil. In this section, an attempt
is made to calculate the self-inductance of non-uniform
coil by extending/using model given by GROVER][9].
The inductance calculated by Grover model is compared
with the one computed using finite element simulation.

4.1 Inductance calculation by Grover model

The mathematical relation for inductance
calculation of uniform coil (Fig.10) is given as
follows[9]:

L=L,-0.004 Na(G, + H,) 2)

where L is the inductance of flat spirals coil (uH); N is
the number of turns; a is the mean radius of the turn
(cm).

L=0.001Nap (3)
G, =2 e (4)
p
N
In—+1270
N-1 (2 2 2
H =H+2| —Ink+—(p* - 6449 —= |
| + N nk+12(ﬁ y ) 0.6449 N
1( 4 4 5,25 02021
—| gyt = 0.0823— 5
60(ﬁ V4 2ﬂyj[ Nj (5)

Table 3 Inductance calculation for uniform and non-uniform coil[9]

___B'

——

Fig.10 Sectional view of uniform (flat spiral) coil

Eq.(2) can be extended to non-uniform coil to get
the approximate value of inductance by assuming that
each turn of the coil works as a single coil of uniform
cross section. The self-inductance of each turn is
calculated individually and then added up to get the
inductance of non-uniform coil. The details of this
calculation for both uniform as well as non-uniform coil
are given in Table 3.

4.2 Inductance calculation by FE simulation

Static analysis is performed to find out the
self-inductance of uniform and non-uniform coils by a
commercial FEA software ANSYS. In the absence of
magnetic material, self-inductance is a parameter that is
independent of the current and depends only on
geometry of the coil[12]. The self-inductance of the coil
is calculated by summing the value of inductance stored

Non-uniform coil®

Parameter Nomenclature Uniform coil
T, T, T; Ty Ts

N Number of turns 5 1 1 1 1 1
a Mean radius of turn/cm 1.6 0.94 1.37 1.81 2.36 3.01
p Pitch/cm 0.56 0.39 0.47 0.57 0.68 0.81
C Radial dimension of a turn/cm 0.4 0.24 0.32 0.40 0.48 0.56
B Axial dimension/cm 0.4 0.4 0.4 0.4 0.4 0.4
c Radial width=Np/cm 32.8 0.24 0.32 0.40 0.48 0.56
P Function of parameter, ¢/2a 15.536 37.83 38.92 38.92 40.11 41.428
s Shape ratio=B/p 0.71426 1.025 0.851 0.701754  0.588235
A Shape ratio=C/B 1 0.6 0.8 1 1.2
y Shape ratio=C/p 0.71426 0.6153 0.68 0.7017 0.70588
H Parameter depending on N 0.218 0.0 0.0 0.0 0.0 0.0

Ine Parameter depending on A 0.00177 0.00197 0.00181 0.00177 0.00181

In K Parameter depending on £ and A 0.0011 0.0492 0.02 0.0019 0.0011
L Inductance/pH 0.62 0.03 0.06 0.075 0.12 0.16

T represents the 1st (Innermost) turn; 75 represents the 2nd turn; T represents the 3rd turn; 74 represents the 4th turn; Ts represents the 5th (outermost) turn.
Therefore, the total inductances of uniform and non-uniform coils are 0.62 pH and 0.45 uH, respectively.
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in each element. The self-inductance obtained by Eq.(2)
and FE simulation for uniform and non-uniform coil is
given in Table 4.

Table 4 Self-inductance of coils (uH)

) Grover FE .
Coil type . . Difference
model[9] Simulation
Uniform coil 0.62 0.70 0.08
Non-uniform coil 0.45 0.60 0.15

It can be seen from Table 4 that the self-inductance
values calculated by Eq.(2) and FE simulation are in a
considerable agreement for uniform coil. In the case of
non-uniform coil, the self-inductance value using the
equation is slightly less as compared with FE simulation
result. It may be due to the assumption that each turn has
uniform cross section in non-uniform coil. So the Grover
model can be used to calculate self-inductance of the
proposed conceptual non-uniform coil.

5 Results and discussion

The contours of magnetic filed (B) values at the Ist
peak of current for uniform and non-uniform coils are
shown in Fig.11. It can be seen from the figure that the
maximum magnetic field contours on workpiece for
uniform coil system (denoted in Fig.11 as x) is away
from the centre as compared with that for non-uniform
coil system (denoted in Fig.11 as y). The contours clearly
show that not only the region of the maximum value has
shifted towards centre in the case of non-uniform coil but
also the value is higher. Alternatively, it can be inferred
that the magnetic flux density at smaller pitch region is
greater than that at bigger pitch region. The maximum
values of magnetic field is 21 and 24 T at the 1st peak of
current for uniform and non-uniform coil systems
respectively. Fig.12 shows the magnetic force vector at
the 1st peak of current for uniform and non-uniform coil
respectively. It can be seen from the figure that the
maximum force vector shifts towards the centre of the
workpiece in non-uniform coil. The smaller cross section
of inner turns of the non-uniform coil results in higher
induced current in the regions of workpiece facing it. A
plot between magnetic force (FMAG) on lower element
layer of the workpiece and distance from the centre of
workpiece at the 1st peak of current is shown in Fig.13
for uniform and non-uniform coils. The forces generated
by both the coils are approximately equal to at a distance
of 7.5 mm from the centre of the workpiece. The force
increases with the increase in distance from the center. It
increases more sharply in the case of non-uniform coil as
compared with uniform coil upto a distance of 26.5 mm.
It is due to the generation of high magnetic flux density
in this region, as shown in Fig.11. The magnetic forces

generated near the edge region of the workpiece, where
the blank holder is placed, show similar trend for both
coils. The maximum force of 10.8 kN is achieved at the
radius of 18 mm of the workpiece in non-uniform coil as
compared with 9.8 kN at 26.5 mm in uniform coil. This

Bl00NoEN &

Non-uniform coil at 1st peak ( 14 microsec)

Fig.11 Magnetic flux density contours at the 1st peak of current
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Fig.12 Magnetic force vector at the 1st peak
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shows a shift of the maximum force point by 8.5 mm
approximately towards the centre. It can also be observed
that the peak value of FMAG is on the wider area of the
workpiece for non-uniform as compared with uniform
coil. Thus it allows better forming of the central portion
of the workpiece. This may also reduce the problem of
air entrapment.

Figs.14 and 15 show magnetic field (B) and current

12

Force/kN
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" ....Uniform coil, 16 ps
— Nonuniform coil, 14 ps
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T
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Distance from centre/mm

Fig.13 Magnetic force at lower layer of elements of workpiece
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Fig.14 Magnetic field at lower layer of elements of workpiece
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Fig.15 Current density at lower layer of elements of workpiece

density (J) on the lower element layer of the workpiece
with respect to distance from centre of the workpiece for
both uniform and non-uniform coil systems, respectively,
at their 1st peak of current. The magnitude for both B and
J are higher towards centre in the case of non-uniform
coil as compared with uniform coil. The value of J starts
declining for non-uniform coil after 23 mm radius of the
workpiece and it is slightly less as compared with
uniform coil. But this trend does not reduce the magnetic
force on workpiece at that region (Fig.13).

6 Conclusions

1) The conceptual alternative coil (non-uniform coil)
designed with varying cross sectional area of turn and
pitch is proposed to get enhanced force profile. The
proposed conceptual coil changes the force distribution
pattern and shifts the maximum force point towards
centre of the workpiece.

2) A comparative study of the proposed conceptual
coil with the generic flat spiral coil (uniform coil) has
been carried out by FE simulation and the results are
compared in terms of magnetic force, magnetic flux
density and current density. The magnetic force profile
generated by non-uniform coil is observed to be better
than that by uniform coil. The maximum forces obtained
by nonuniform and uniform coils are 10.8 kN at 18 mm
radius and 9.8 kN at 26.5 mm radius, respectively.
Therefore, a shift of 8.5 mm is achieved by using
nonuniform coil, which helps in deformation of sheet in
the centre region. This may additionally reduce air
entrapment between the workpiece and the die (if used)
because the maximum pressure region is shifted towards
centre of the workpiece.

3) A method is also proposed to calculate the
self-inductance of non-uniform coil using Grover model
and the same one is compared with FE analysis.
Inductance calculated by the proposed method is slightly
less as compared with FE simulation result, which can be
attributed to the assumption that each turn of the
non-uniform coil works as a single coil of uniform cross
section.
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